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Abstract 

The worldwide depletion of major fish stocks through intensive industrial fishing is thought to have profoundly altered the 
trophic structure of marine ecosystems. Here we assess changes in the trophic structure of the English Channel marine 
ecosystem using a 90-year time-series (1920-2010) of commercial fishery landings. Our analysis was based on estimates of 
the mean trophic level (mTL) of annual landings and the Fishing-in-Balance index (FiB). Food webs of the Channel 
ecosystem have been altered, as shown by a significant decline in the mTL of fishery landings whilst increases in the FiB 
index suggest increased fishing effort and fishery expansion. Large, high trophic level species (e.g. spurdog, cod, ling) have 
been increasingly replaced by smaller, low trophic level fish (e.g. small spotted catsharks) and invertebrates (e.g. scallops, 
crabs and lobster). Declining trophic levels in fisheries catches have occurred worldwide, with fish catches progressively 
being replaced by invertebrates. We argue that a network of fisheries closures would help rebalance the trophic status of 
the Channel and allow regeneration of marine ecosystems. 
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Introduction 

Effects of overfishing on marine trophic structure 

The field of historical marine ecology has introduced a different 
perspective to our understanding of marine ecosystems; it has 
revealed that overfishing has had profound effects on coastal 
ecosystems worldwide for centuries [1,2]. The historical response 
to overfishing is an increase in fishing effort, an expansion to new 
and deeper grounds and a shift to new target species [3] . In the last 
decade, fisheries have shifted towards smaller, lower-trophic level 
species as large predatory species with a higher economic value 
had been depleted [4]. This phenomenon, known as "fishing down 
marine food webs" was first described by [5] in 1998: they 
demonstrated a decline in the trophic level of global fisheries 
landings from 3.3 units in the early 1950s to 3.1 in 1994. Studies 
performed independently from commercial catch data on smaller, 
regional scales over the last decades have shown even more rapid 
declines in trophic level (Table 1). 

Fisheries typically remove top predators first and as a result their 
direct competitors and prey are able to prosper, affecting the 
overall productivity and ecological stability of the ecosystem [1]. 
Severe declines in the populations of major predator species have 
now been reported around the world [6,7]. Overexploitation of a 
species can have cascading effects and have the potential to trigger 
regime shifts altering the ecological function of marine systems 
[8,9] . In many instances, the decline of finfish species has been 
followed by an increase in their invertebrate prey [10,11] and 
although new and economically viable fisheries have developed for 
these new target species, concerns have been raised about their 
long-term sustainability as well as shifts towards homogenized, 
simplified ecosystems [12,13]. 



In the present study, we used a 90-year dataset of international 
catch statistics from the English Channel marine ecosystem, a 
region that has numerous important fishing ports and where finfish 
landings now make up a far smaller proportion of the catch than 
they did historically (Figure 1). This dataset spans a period of 
intensive fishing which we use to assess whether there has been a 
trend for 'fishing down' food webs in a region where it has not 
been reported before. Finally, we discuss the way forwards to 
improve fisheries sustainability using area closures to aid recovery 
of marine ecosystems. 

The English Channel 

The English Channel ('La Manche' in French) is a narrow strait 
between England and France (Figure 1). It covers 75,000 km 2 and 
narrows to ca 30 km wide at its easternmost point; the Channel is 
relatively shallow, with an average depth of around 100 m in the 
west gradually decreasing to 40 m depth in the east [25]. The 
western Channel is influenced greatly by Atlantic water while the 
eastern part receives large freshwater inputs from coastal rivers, 
this gradation from oceanic to neritic waters forms a biogeo- 
graphical transition zone with a variety of both boreal/cold 
temperate and warm temperate organisms [26] . 

Today the UK and France account for 98% of the total landings 
from the Channel [27]: around 25,884 t and 68,732 t of finfish 
and 26,605 t and 48,871 t of invertebrate were landed in 2010 in 
the UK and France respectively. Fishing has exerted pressure in 
these waters since the Middle Ages [25,26] but at the turn of the 
20 th century fishing effort increased substantially due to the advent 
of motorised fishing vessels. Monitoring of fish populations has 
revealed reductions in mean length and length at maturity of 
demersal communities [28]. Moreover, large and slow-growing 
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Table 1. Instances of "Fishing Down Marine Food Web" across the globe, showing rates of decline in mean trophic level (mTL). 





Country/Area 


Period 


mTL decline 


Source 


Cuba EEZ 


1960-1995 


0.10 decade"' 


[14] 


Canada (West and East coast) 


1950-1997 and 
1873-1996 


0.03-0.1 decade -1 


[15] 


Celtic Sea 


1 982-2000 


0.04 year -1 (ICES catch data) and 0.03 year -1 
(scientific survey) 


[16] 


Thailand 


1965-1997 


0.05-0.09 decade -1 


[17] 


Iceland 


1918-1999 


0.06 decade -1 


[18] 


Chile 


1979-1999 


0.175 decade -1 


[19] 


Greece 


1950-2001 


0.02 decade -1 


[20] 


Indian States and Union Territories 


1950-2000 


0.058 decade -1 


[21] 


Argentinean-Uruguayan Common Fishing Zone 
(AUCFZ) 


1989-2003 


0.03 year -1 


[22] 


Portugal 


1 970-2006 


0.005 year -1 


[23] 


Brazil 


1 978-2000 


0.16 decade -1 


[24] 



doi:1 0.1 371 /journal.pone.01 01 506.t001 




Figure 1. Major English Channel fishing ports by landings value in 2010, ICES areas Vile and Vlld. Data sourced from MMO and France 
AgriMer. Pie charts show the proportions offish and shellfish landed by the UK and French fishing fleets for the period 1920-1930 and 2000-2010. 
doi:1 0.1 371 /journal.pone.01 01 506.g001 
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Table 2. Finfish species included in our analysis with respective trophic levels (TL). 





Common Name 


Scientific Name 


TL 


Common Name 


Scientific Name 


TL 


Witch 


Glyptocephaius cynoglossus 


3.1 


Houndsharks, smoothhounds nei 


Triakidae 


3.9 a 


European flounder 


Platichthys flesus 


3.2 


Red gurnard 


Chelidonichthys cuculus 


3.9 


Lemon sole 


Microstomas kitt 


3.2 


Small-eyed ray 


Raja microocellata 


3.9 


Red mullet 


Mullus borbatus 


3.2 


Blonde ray 


Raja brachyura 


4 


Sand sole 


Pegusa lascaris 


3.2 


Nursehound 


Scyliorhinus stellaris 


4 


Common dab 


Limanda limanda 


3.3 


Dogfish etc. 


Squalus spp. 


4.1 a 


Common sole 


Solea solea 


3.3 


Dogfish sharks nei 


Squalidae 


4.1 a 


European plaice 


Pleuronectes platessa 


3.3 


Haddock 


Melanogrammus aeglefinus 


4.1 


Mullets nei 


Mullidae 


3.3 a 


Various sharks nei 


Selachimorpha (Pleurotremata) 


4.1 a 


Striped red mullet ( = Surmullet} 


Mullus surmuletus 


3.4 


Blue shark 


Prionace glauca 


4.2 


Grey gurnard 


Eutrigla gurnardus 


3.6 


Megrim 


Lepidorhombus whiffiagonis 


4.2 


Small-spotted catshark 


Scyliorhinus conicula 


3.6 


Pollack 


Poliachius poliachius 


4.2 


Pouting 


Trisopterus iuscus 


3.7 


Tope shark 


Galeorhinus galeus 


4.2 


Saithe 


Poliachius virens 


3.7 


European conger 


Conger conger 


4.3 


Spotted ray 


Raja montagui 


3.7 


Ling 


Molva molva 


4.3 


Turbot 


Scophthaimus maximus 


3.7 


Spurdog 


Squalus acanthias 


4.3 


Brill 


Scophthalmus rhombus 


3.8 


Atlantic cod 


Gadus morhua 


4.4 


Groundfishes nei 


Osteichthyes 


3.8 a 


European Hake 


Merluccius merluccius 


4.4 


Gurnards, searobins 


Triglidae 


3.8 a 


Whiting 


Merlangius merlangus 


4.4 


Raja rays nei 


Raja spp. 


3.8 a 


Monkfish 


Lophius piscatorius 


4.5 


Smooth-hound 


Mustelus mustelus 


3.8 


Atlantic halibut 


Hippoglossus hippoglossus 


4.5 


Thornback ray 


Raja clavata 


3.8 


John dory 


Zeus faber 


4.5 


Dogfishes and hounds nei 


Squalidae, Scyliorhinidae 


3.9 a 


Monkfish nei 


Lophius spp. 


4.5 a 



nei: not elsewhere included. 

a Figure represent the mean TL value of known species belonging to that taxonomic group within UK waters. Species included were obtained from the UK Fisheries 

Statistics list [37], see Table S2. 

doi:1 0.1 371 /journal.pone.01 01 506.t002 



species have decreased dramatically in the region over the last species such as the small-spotted catshark (Scyliorhinus cankula, 

century including angel shark (Squatina squatina, Squatinidae) and Scyliorhinidae) have increased in abundance [29,30]. 
common skate (Raja batis, Rajidae) which is now commercially 
extinct in the Channel; whereas small, commercially undesirable 



Table 3. Invertebrate species included in our analysis with respective trophic levels (TL). 



Common Name 


Scientific Name 


TL 


Common Name 


Scientific Name 


TL 


Blue mussel 


Mytilus edulis 


2 


Velvet swimcrab 


Necora puber 


2.6 


European flat oyster 


Ostrea edulis 


2 


Common prawn 


Palaemon serratus 


2.7 


Great Atlantic scallop 


Pecten maximus 


2 


Marine crabs nei 


Brachyura 


2.8 a 


Pacific cupped oyster 


Crassostrea gigas 


2 


Norway lobster 


Nephrops norvegicus 


2.9 


Periwinkles nei 


Littorina spp. 


2 a 


Whelk 


Buccinum undatum 


3.1 


Common edible cockle 


Cardium edule 


2.1 


Common shrimp 


Crangon crangon 


3.2 


Queen scallop 


Aequipecten operculars 


2.1 


Cuttlefish, bobtail squids nei 


Sepiidae, Sepioiidae 


3.5 a 


Spinous spider crab 


Maja squinado 


2.3 


Common cuttlefish 


Sepia officinalis 


3.6 


Variuos shellfish 


Mollusca, Crustacea, Echinodermata 


2.4 a 


Octopuses, etc. nei 


Octopodidae 


3.6 a 


Edible crab 


Cancer pagurus 


2.6 


Various squids nei 


Loliginidae, Ommastrephidae 


4 a 


European lobster 


Homarus gam mar us 


2.6 


Common squids nei 


Loligo spp. 


4.2 a 



nei: not elsewhere included. 

a Figure represent the mean TL value of known species belonging to that taxonomic group within UK waters. Species included were obtained from the UK Fisheries 

Statistics list [37], see Table S2. 

doi:1 0.1 371 /journal.pone.01 01 506.t003 
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Figure 2. ICES data for the English Channel on landings, mTL and FiB index for 1920-2010. Analysis excludes pelagic species. (A) Annual 
landings from the English Channel. (B) Changes in the mTL over time. (C) Changes in the FiB index over time. The blue dashed line is a smoothing 
function, "supsmu" [50] available as standard with the R software package [51]. 
doi:1 0.1 371 /journal.pone.01 01 506.g002 



Materials and Methods 

Fishing down marine food webs 

The trophic level (TL) of an organism denotes its position within 
a foodweb and it can be estimated from diet observations, nitrogen 
isotope measurements or models of trophic fluxes from the 
equation: 



Where TLj is the 'non-integer' trophic level of prey j and DQj is the 
fraction of/ in the diet off [31]. The Marine Trophic Index (MTI), 
which corresponds to the mTL of fishery landings, was developed 
to describe the structure of an ecosystem resulting from a fishery- 
induced depletion of its components and can be computed for any 
year j: 

Mr/=mrL,= E ' ( ^ L ' x ^ ) (2) 



Table 4. Granger causality testes at lag 1. 





Model 


Res. D.f. 


D.f. 


F-value 


POFI 


'FiB causes mTL' 


FiB ~ lags(fib) + lags(mTL) 


80 








FiB ~ lags(fib) 


81 


-1 


1.024 


0.315 


'mTL causes FiB' 


mTL ~ lag(mTL) + lag(FiB) 


80 








mTL ~ lag(mTL) 


81 


-1 


3.933 


0.050 



doi:1 0.1 371 /journal.pone.01 01 506.t004 
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Where Y iy is the catch of species i in year y, and TL, is defined as in 
Equation 1 [32]. 

Additionally, [31] developed an index to assess if changes in the 
mTL were compensated by changes in catches. This is because 
biological production is higher at lower TL, hence an inevitable 
consequence of 'fishing down the food web' will, ironically, be 
greater biological production potentially being available to the 
fisheries, and any decline in TL should be accompanied by an 
'ecologically appropriate' increase in the overall biomass of 
catches. Hence, the Fishing-in-Balance (FiB) index: 

- Will maintain a value of zero when a decrease or increase in 
TL is accompanied by an ecologically balanced increase or 
decrease in catches; 

- Will increase (>0) if bottom-up effects have occurred or if 
the fishery has expanded beyond its traditional ground; 

- Will decrease (<0) if the fishery has contracted geograph- 
ically or if it has taken so much biological productivity from 
the ecosystem that has impaired its natural functioning. 

It is defined for any yearjy by: 



FiBy = log 



1 

TE 



log 



y 0 x 



i 

TE 



(3) 



Where Y y is the catch at year jy; TL y is the trophic level of the catch 
in year y; Y 0 and TL 0 are the catch and trophic level of the catch at 
the beginning of the series analysed and TE is the energy transfer 
efficiency between TL estimated to be 0.1 (=10%) in several 
marine ecosystem studies [32]. 

International fishery landings 

Catch statistics for the English Channel were obtained from 
ICES (International Council for the Exploration of the Sea) [33] 
and comprised two datasets; Historical catch statistics (1903-1949) 
and Official catch statistics (1950-2010). The English Channel 
consists of West and East Channel areas defined as divisions Vile 
and Vlld respectively (Figure 1). The statistics represent the live 
weight equivalent of landings and so do not include discards. In 
our analyses we excluded all pelagic species as previous studies in 



the Western English Channel have shown a very strong climatic 
influence that affects their abundance and distribution in the 
Channel [29,34] and would therefore complicate the interpreta- 
tion of the analysis. Landings reported as < 1 t were omitted, as 
well as data collected prior to 1920 and between 1939-1945, since 
the older dataset excluded shellfish catches and there were data 
gaps during the World Wars. 

Table 2 and 3 lists the 68 taxa analysed in our study and the 
respective TL obtained from FishBase [35] and the 'Sea Around 
Us' database [36]. For taxa reported at levels coarser than species, 
or under a general category (e.g. 'sharks etc.', 'various shellfish'), a 
list of all marine species caught in UK waters was obtained from 
the Marine Management Organization (MMO) [37] and was used 
to derive an average trophic level for such categories. Tables SI 
and S2 list the aggregated taxa and average trophic levels 
estimated for such groups. Species were also grouped into 
ISSCAAP categories (International Standard Statistical Classifica- 
tion of Aquatic Animals and Plants) to evaluate changes in 
landings composition over time. Table S3 shows taxa belonging to 
each ISSCAAP category. 

Results 

There was a clear increase in landings from the English 
Channel between 1920 and 2010 (Figure 2A). These increased 
gradually from 9,146 t in 1920 to 50,924 t in 1970 and escalated 
rapidly to a maximum weight of 177,793 t in 1982 t. These 
however fell abruptly to 96,783 t in 1985 and have stabilized at 
around 130,000-150,000 t in the last decade (Figure 2A). 

The mTL offish landed from the English Channel has declined 
from 4.0 in 1920 to 3.0 in 2010 (Figure 2B) and there is a marked 
negative correlation of —0.8 between mTL and total landings. 
Confirmatory statistical tests are difficult to support because of 
autocorrelation and non-linear trends. 'Differencing' the data is 
one way to reduce or remove the effects of autocorrelation, and 
when this was done the series were still negatively and significantly 
correlated with a coefficient of —0.30 (Pearson's Product-Moment 
correlation, t= -2.7, df= 80, p = 0.0065). Between 1920 and 1970 
both mTL and total landings underwent relatively little change but 
after the 1970s as catches increased mTL declined, the period of 
highest catches (1971-1982) corresponding to mTL values of 2.7- 
3.1. In the following years, catches declined considerably and 
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Figure 4. Annual landings of selected elasmobranch species. (A) Spurdog, (B) Tope shark, and (C) Small-spotted catshark. 
doi:1 0.1 371 /journal.pone.01 01 506.g004 



mTL has continued to fall and was at 3.0 in 2010. An overall 
increase in the FiB index was also detected (Figure 2C), suggesting 
that the decline in mTL has indeed been compensated by 
increased catches as a consequence of either a geographic 
expansion of the fishery or increased productivity of the Channel. 

We decided to use the concept of 'Granger causality' [38] to 
decide if there was any statistical evidence that mTL had 'caused' 
the change in FiB. We tested both whether mTL caused FiB and 
the reverse (whether FiB causes mTL) and the results are presented 
in Table 4. Clearly there is statistical evidence that changes in the 
mean trophic level 'cause' changes in the fishing balance index 
(p = 0.050) while, gratifyingly, the reverse is untrue (p = 0.3 15). For 
further statistical tests see Supporting Information SI. 

The composition of landings has also undergone changes over 
time with regards to both higher and lower trophic level species 



(Figure 3). The contribution of higher trophic level species to UK 
and France fisheries landings has decreased considerably in recent 
years. The group 'sharks, rays, chimeras' declined markedly from 
34% in 1926 to 6.0% in 2010 with spurdog and tope shark 
(Galeorhinus gakus, Triakidae) landings declining considerably after 
the 1980s while small-spotted catshark landings increasing 
significandy (Figure 4). Similarly, the contribution of the 'cods, 
haddock, hakes' group has declined from 48% in 1920 to 14% in 
2010. The most remarkable declines in landings have occurred for 
Adantic cod (Gadus morhua, Gadidae), ling (Molva molva, Gadidae) 
and European hake (Merluccius merluccius, Merlucciidae) (Figure 5). 
Landings of 'flounders, halibuts, soles' and 'miscellaneous demer- 
sal fishes' has changed relatively little over the whole time-series 
(Figure 3). 
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Figure 5. Annual landings of selected gadoid species. (A) Atlantic cod, (B) Ling, (C) European hake. 
doi:1 0.1 371 /journal.pone.01 01 506.g005 



As for invertebrate species, a marked increase in landings from 
the English Channel is evident with the 'miscellaneous aquatic 
invertebrates' and 'squids, cuttlefish, octopuses' groups accounting 
to more than half of the total landings since the 1970s (Figure 3). 
In particular, landings of edible crab {Cancer pagums, Cancridae), 
European lobster (Homarus gammarus, Nephropidae) and Great 
Adantic scallop (Pecten maximus, Pectinidae) have increased 
considerably (Figure 6). 

Discussion 

It is clear from our analyses that fishing pressure has caused 
significant changes to food webs of the English Channel over the 



past 90 years. The mean Trophic Level of English Channel 
landings has fallen by 0. 1 unit per decade, one of the fastest rates 
reported among other heavily fished regions of the world 
providing yet more evidence that 'fishing down food webs' (sensu 
[5]) is a worldwide phenomenon (Table 1). The FiB index suggests 
that, either a geographic expansion of the Channel fishery or an 
increase in the productivity of the region has compensated for 
declining mTL with increased catches during two quite distinct 
periods in the time-series: 1925-1970 and 1980-2010. The former 
corresponds to the period of rapid industrialization and expansion 
of fishing documented by [28] and [39] for the English Channel 
and the UK respectively. Increases in landings were only 
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Figure 6. Annual landings of selected shellfish species. (A) Edible crab, (B) European lobster and (C) Great Atlantic scallop. 
doi:1 0.1 371 /journal.pone.01 01 506.g006 



maintained thanks to increased fishing efficiency and expansion 
into distant and deeper grounds, but stocks were declining long 
before the 1980s. Historical evidence reveals that signs of 
overfishing in UK waters were already apparent at the end of 
the 19 th century [40] and concerns regarding declining stocks date 
back at least to 1863 [3]. The second period matches an increase 
in water temperatures and overall productivity of the North East 
Adantic during which stocks of cold-water species such as cod and 
haddock have seen a dramatic decline [41]. However, the 
declining trend of the FiB index in the last decade of the time 



series suggests that the factor that compensated for declining mTL 
in the second period is now fading away. 

The landings data show a decrease in high trophic level species, 
such as gadoid fish and elasmobranchs, and an increase in low 
trophic level species such as invertebrates (Figure 3). The pattern is 
strikingly similar to that found elsewhere around the UK [1 1] and 
the rest of the world [10,18,22]. 

It is now well known that fishing removed populations of species 
that were common around Britain and Ireland a century ago. 
Large and long-lived species of elasmobranch, such as the 
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common skate and the angel shark, have proved to be particularly 
vulnerable as they have low fecundity rates and are slow to mature 
[42,43]. Conversely, small-spotted catshark have had a major 
increase in English Channel landings, this species has a very high 
rate of discard survival and matures earlier than larger species 
[28,30]. Overall, English Channel elasmobranch landings have 
been declining steadily since the 1950s, with dramatic declines in 
spurdog, tope shark and thornback ray (Raja clavata, Rajidae). 

When fishing pressure eased off during World Wars I and II 
stocks of demersal fish such as 'cod, hake and haddock' built up 
around the UK but recent decades of overfishing have brought 
these stocks to historic lows [39,44]. The contribution of the 
'miscellaneous demersal' group to total landings has changed little 
over time but landings of high trophic level species within this 
group, such as European conger (Conger conger, Congridae) and 
monk fish (Lophius piscatorious, Lophiidae), have declined since the 
1960s as also documented in the Celtic Sea by [16]. 

The removal of high trophic level species can have a 'cascading 
effect' on lower trophic levels [1,8]. In the English Channel, the 
proportion of lower trophic level species have increased over the 
years with invertebrate species accounting to more than 50% of 
the total landings since 1970s (Figure 3). The replacement of 
finfish species by invertebrates is a phenomenon which has been 
documented in many marine regions around the world and it has 
generally been followed by the development of new economically 
viable invertebrate fisheries [10,11]. Despite their initial profit- 
ability, an increasing percentage of these new fisheries are already 
overexploited, collapsed or closed [12] and concerns have been 
raised where trawls and dredges are used to catch invertebrates as 
they degrade habitat complexity and species diversity [13]. 

Socioeconomic factors are also known to influence the 
composition of landings. These include consumers' income and 
preferences, catching restrictions, fuel prices and technological 
innovations. These factors are in turn reflected in the price placed 
on a certain product. Generally as a resource become scarcer its 
price increases. In the Celtic Sea and in Portugal high trophic level 
species have become more expensive than low trophic level ones 
[16,23] suggesting that the supply of those species has diminished 
but their demand is still high. Indeed the UK is a net importer of 
fish. 588,000 t offish (excluding shellfish) were imported in 2010, 
with cod accounting for the highest import at 101,400 t [37]. 
Two-thirds of the total supply of haddock (60,300 t) is also derived 
from Iceland and Norway and in a lesser quantity also ling, hake 
and pollack are imported [37]. These are all fish species with catch 
restrictions in the UK but their landings have never fully met their 
allocated quotas. Conversely, in 2010 the UK exported 98,000 t of 
shellfish including 15,300 t of crab, 14,500 t of scallops and 
16,500 t of shrimps and prawns [37]. However, [45] showed an 
increase in the price of low trophic level species globally in the past 
50 years as a consequence of markets adjusting to the scarcity of 
target species by increasing the value of less desirable species, 
essentially creating 'perverse incentives' to unsustainable fishing. 
What is particularly compelling about the current study is that 
we've shown that by fishing or forcing down the food web, 
fishermen potentially create more biomass for themselves to 
harvest but there are many implications which remain to be 
investigated in detail of what seems a rather 'perverse incentive'. 

The recent recognition of a global fishery crisis has induced 
many governments and fishery scientists to question current 
strategies used in fisheries management. Since the 1950s, the 
concept of Maximum Sustainable Yield (MSY) and annual catch 
allowances has been at the foundation of all fisheries management 
[4] . However, disregard of scientific advices over the years has 



caused the deterioration of many fish stocks and has rendered the 
single-species approach highly ineffective [46]. As this study has 
demonstrated the impact of fisheries is much more pervasive than 
previously thought. Fisheries can affect the physical structure of an 
ecosystem as well as its ecological stability and productivity by 
depriving it of its components [1,11]. The complexity of marine 
ecosystems compels a more holistic management approach that 
takes into account as many interactions as possible and whose 
priority is the integrity of the ecosystem from which the resource is 
extracted from [4]. 

There have been moves to improve the ecological status of the 
English Channel. In 2012, the UK Government approved 31 of 
127 conservation areas recommended by an extensive stakeholder 
consultation, representing 3.7% of the marine area under English 
jurisdiction [47]. Removal of towed demersal fishing pressure from 
within such sites would allow habitat recovery and removal of all 
fishing effort within these areas could enhance adjacent fisheries 
through "spillover" or larval dispersal [48]. The Lyme Bay MPA 
in the English Channel is a great example of how an exploited 
ecosystem can regenerate and provide benefits to dependent 
fishing communities in only few years if closed to damaging fishing 
gear [49]. 

Conclusion 

The community-level changes observed in the English Channel 
reflect those that have occurred in other heavily-fished systems 
around Europe and the rest of the world [5,10,42]. The use of the 
Marine Trophic Index (MTI) and the Fisheries-in-Balance Index 
(FiB) on this long-term data series have helped expose a major shift 
from demersal fish to shellfish landings in the English Channel as a 
consequence of an unsustainable fishing practice fuelled by 
'perverse economic incentives'. These trends may be reversed by 
removing fishing pressure from within a network of closed areas 
and by implementing more rigid management measures including 
decommissioning schemes and reduction in fishing effort. 

Supporting Information 

Table SI Estimated mean trophic level (TL) for aggre- 
gated taxa. 

(DOCX) 

Table S2 UK Fisheries Statistics list of species by 
group. 

(DOCX) 

Table S3 List of species arranged into ISCAAP groups. 

(DOCX) 

Supporting Information SI Detrended mTL against 
Detrended FiB with statistical tests. 

(DOCX) 

Acknowledgments 

We thank Neal Gray of the Marine Management Organisation for help 
with sourcing data. The Consultative Group on International Agricultural 
Research (GGIAR) program on Climate Change, Agriculture and Food 
Security (CCAFs) is also owed a debt of thanks. 

Author Contributions 

Conceived and designed the experiments: CM. Analyzed the data: DB. 
Wrote the paper: CMJHS. 



PLOS ONE | www.plosone.org 



9 



July 2014 | Volume 9 | Issue 7 | e101506 



Fishing Down the Food Web in the English Channel 



References 

1. Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, ct al. (2001) 
Historical overfishing and the recent collapse of coastal ecosystems. Science 293: 
629-638. 

2. Robinson LA, Frid CLJ (2008) Historical Marine Ecology: Examining the Role 
of Fisheries in Changes in North Sea Benthos. Ambio 37(5): 363-371. 

3. Roberts CM (2007) The Unnatural History of the Sea. The past and future of 
humanity and fishing. Washington DC: Island Press. 435p. 

4. Pauly D, Maclean J (2003) In a perfect ocean: the state of fisheries and 
ecosystems in the North Atlantic Ocean. Washington DC: Island Press. 208 p. 

5. Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F (1998) Fishing Down 
Marine Food Webs. Science 279: 860-86. 

6. Christensen V, Gucnctte S, Heymans JJ, Walters CJ, Watson R, ct al. (2003) 
Hundred-year decline of North Atlantic predatory fishes. Fish Fish 4: 1-24. 

7. Myers RA, Worm B (2005) Extinction, survival or recovery of large predatory 
fishes. Phil. Trans. R. Soe. B. 360: 13-20. 

8. Pinnegar JK, Polunin NVC, Francour P, Badalamenti F, Chemcllo R, et al. 
(2000) Trophic cascades in benthie marine ecosystems: lessons for fisheries and 
protectcd-arca management. Environ. Conserv. 27: 179—200. 

9. Frank KT, Petrie B, Fisher JAD, Lcggctt WC (2011) Transient dynamics of an 
altered large marine ecosystem. Nature 477: 86—89. 

10. Worm B, Myers RA (2003) Meta-analysis of cod-shrimp interactions reveals top- 
down control in oceanic food webs. Ecology 84: 162-173. 

11. Thurstan RH, Roberts CM (2010) Ecological Meltdown in the Firth of Clyde, 
Scodand: Two Centuries of Change in a Coastal Marine Ecosystem. PLoS ONE 
5(7): el 1767. 

12. Anderson SC, Flemming JM, Watson R, Lotze HK (2011) Rapid Global 
Expansion of Invertebrate Fisheries: Trends, Drivers, and Ecosystem Effects. 
PLoS ONE 6(3): el4735. 

13. Howarth LM, Roberts CM, Thurstan RH, Stewart BD (2013) The unintended 
consequences of simplifying the sea: making the case for complexity. Fish Fish 
doi: 10.1 111/faf.l 2041. 

14. Baisre JA (2000) Chronicles of Cuban marine fisheries (1935-1995). Trend 
analysis and fisheries potential. FAO Fisheries Technical Paper 394, 26 p. 

15. Pauly D, Palomarcs ML, Froese R, Sa-a P, Vakily M, et al. (2001) Fishing down 
Canadian aquatic food webs. Can. J. Fish. Aquat. Sei. 58: 51-62. 

16. Pinnegar JK, Jennings S, O'brien CM, Polunin NVC (2002) Long-term changes 
in the trophic level of the Celtic Sea fish community and fish market price 
distribution. J Appl Ecol 39: 377-390. 

17. Pauly D, Chuenpagdec R (2003) Development of fisheries in the Gulf of 
Thailand Large Marine Ecosystem: analysis of the unplanned experiment. In: 
Hcmpcl G, Sherman K, editors. Large Marine Ecosystems of the World: Trend 
in exploitation, Protection and Research. Elsevier, the Netherlands. 337—354. 

18. Valtysson HP, Pauly D [2003; f ishing down the food vvcb: an Icelandic rase 
study. In: GuSmundsson E and Valtysson HP, editors. Proc. Conference on 
Competitiveness within the Global Fisheries. University of Akureyri, Akureyri. 
12-24. 

19. Aranciba H, Ncira S (2005) Long-term changes in the mean trophic level of 
Central Chile fishery landings. Sci Mar 69 (2): 295-300. 

20. Stergiou K.I (2005) Fisheries impact on trophic levels: long-term trends in 
Hellenic waters. In: Papathanassiou E and Zanetos A, editors. State of the 
Hellenic Marine Environment, Hellenic Centre for Marine Research, Athens, 
Greece. 326-329. 

21. Bhathal B, Pauly D (2008) 'Fishing down marine food webs' and spatial 
expansion of coastal fisheries in India, 1950—2000. Fish Res 91: 26—34. 

22. Jaurcguizar AJ, Milessi AC (2008) Assessing the sources of the fishing down 
marine food web process in the Argentinean-Uruguayan Common Fishing 
Zone. Sei Mar 72(1): 25-36. 

23. Bacta F, Costa MJ, Cabral H (2009) Changes in the trophic level of Portuguese 
landing's and fish market price variation in the last decades. Fish Res 97: 216— 
222. 

24. Freire KMF, Pauly D (2010) Fishing down Brazilian marine food webs, with 
emphasis on the east Brazil large marine ecosystem. Fish Res 105: 57-62. 

25. Stanford R, Pitcher TJ (2004) Ecosystem simulations of the English Channel: 
climate and trade-offs. Fish Centre Res Reports 12 (3): 1—103. 

26. DauvinJC (2012) Are the eastern and western basins of the English Channel two 
separate ecosystems? Mar Pollut Bull 64: 463-471. 

27. Engelhard GH (n.d.). CHARM III project. Available: http://www.charm- 
projcct.org/en/themesen/human-activities/fishing-activities/138-an- 
integTatcd-view-on-thc-french-and-british-fisheries-in-the-channel. Accessed 5 
February 2013. 



28. Gcnncr MJ, Kendall M, Sims DW (2001) Archiving and analysis of the MBA 
bottom trawl and benthie survey data: Unravelling fishing efforts from climate 
change. Report to the Ministry of Agriculture, Fisheries and Food, London: 1— 
36. 

29. Hawkins SJ, Southward AJ, Gcnncr MJ (2003) Detection of environmental 
change in a marine ecosystem - evidence from the Western English Channel. Sci 
Total Enviro 310: 245-56. 

30. McHugh M, Sims DW, Partridge JC, Genner MJ (201 1) A century later: Long- 
term change of an inshore temperate marine fish assemblage. J Sea Res 65: 187— 
194. 

3 1 . Pauly D, Palomarcs ML (2000) Approaches for dealing with three sources of bias 
when studying the fishing down marine food web phenomenon. In: Durand F, 
editors. Fishing down the Mediterranean food webs? CIESM Workshop Series 
No. 12, Kcrkyra, Greece. 61—66. 

32. Kleisner K, Pauly D (201 1) The Marine Trophic Index (MTI), the Fishing in 
Balance Index (FiB) and the spatial expansion of fisheries. In: Christensen V, Lai 
S, Palomarcs MLD, Zeller D, Pauly D, editors. The State of Biodiversity and 
Fisheries in Regional Seas. Fisheries Centre Research Report 19(3): 41-44. 

33. ICES (2010) ICES Catch Statistics 1903-1949. Available: http://www.ices.dk/ 
fish/CATChSTATISTICS.asp. Accessed 12 September 2012. 

34. Southward AJ, Boalch GT and Maddoek L (1988) Fluctuations in the herring 
and pilchard fisheries of Devon and Cornwall linked to change in climate since 
the 16th century. J Mar Biol Assoc UK 68: 423-445. 

35. Froese R, Pauly D (2008) FishBase. WorldWideWeb Electronic Publication 
www.fishbasc.org, version 09/2008. Accessed 21 October 2012. 

36. Pew Charitable Trust (1999) Sea Around Us Project. Available: http://www. 
seaaroundus.org/topie/specics. Accessed on 12 November 2012. 

37. Marine Management Organization (2010) Fisheries Statistics. Available: http:// 
www.marinemanagcmcnt.org.uk/ fisheries/ statistics/ annual_additional.htm. 
Accessed 06 December 2012. 

38. Granger CWJ (1969) Investigating Causal Relations by Econometric Models 
and Cross- spectral Methods. Econometrica 37(3): 424-438. doi:10.2307/ 
1912791. JSTOR 1912791. 

39. Thurstan RH, Brockington S, Roberts CM (2010) The effects of 118 years of 
industrial fishing on UK bottom trawl fisheries. Nat Commun 1 doi: 10.1038/ 
ncommsl013. 

40. Garstang W (1900) The impoverishment of the sea. J Mar Biol Assoc UK 6: 1- 
69. 

41. Heath MR, Neat FC, Pinnegar JK, Reid DG, Sims DW, Wright PJ (2012) 
Review of climate change impacts on marine fish and shellfish around the UK 
and Ireland. Aquatic Conserv: Mar. Freshw. Ecosyst. 22: 337-367. 

42. Walker PA, Hislop JRG (1998) Sensitive skates or resilient rays? Spatial and 
temporal shifts in ray species composition in the central and north-western 
North Sea between 1930 and the present day. ICES J Mar Sci 55: 392-402. 

43. Rogers SI, Ellis JR (2000) Changes in the demersal fish assemblages of British 
coastal waters during the 20th century. ICES J Mar Sci 57: 866-881. 

44. Beare D, Holkcr F, Engelhard GH, McKenzie E, Reid DG (2010) An 
unintended experiment in fisheries science: a marine area protected by war 
results in Mexican waves in fish numbers-at-age. Naturwissensehaften 97(9): 
797-808. 

45. Sumalia UR (1998) Markets and the fishing down marine food webs 
phenomenon. EC Fish Coop Bulletin, 11: 25-28. 

46. O'Leary BC, Smart JCR, Neale FC, Hawkins JP, Newman S, et al. (2011) 
Fisheries mismanagement. Mar Pollut Bull 62(12): 2642-2648. 

47. Jones PJS (2012) Marine Protected areas in the UK: challenges in combining 
top-down and bottom-up approaches to governance. Environ Conserv 39 (3): 
248-258. 

48. Gcll FR, Roberts CM (2003) Benefits beyond boundaries: the fishery effects of 
marine reserves. Trends Ecol Evol 18(9): 448—455. 

49. Sheehan EV, Stevens TF, Gall SC, Cousens SL, Attrill MJ (2013) Recovery of a 
Temperate Reef Assemblage in a Marine Protected Area following the Exclusion 
of Towed Demersal Fishing. PLoS ONE 8(12): c83883. doi:10.1371/journal. 
pone.0083883. 

50. Friedman JH (1984) A variable span scattcrplot smoother. Laboratory for 
Computational Statistics, Stanford University Technical Report No. 5. 

51. R Core Team (2013) R: A language and environment for statistical computing. 
Available: http://wwvv.R-pr0jeet.0rg/R Foundation for Statistical Computing, 
Vienna, Austria. 



PLOS ONE I www.plosone.org 



10 



July 2014 | Volume 9 | Issue 7 | e101506 



